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Abstract
In this work, we have investigated the adhesive behaviour of elastic ﬁlms in contact with solid substrates, which are
bounded by mound surface roughness. This type of roughness is described by the rms roughness amplitude w, the
average mound separation K, and the system correlation length f. It is shown that both lateral roughness parameters K
and f strongly inﬂuence adhesive characteristics. Indeed, with increasing elastic ﬁlm modulus E, ﬁlm adhesion is only
possible for suﬃciently large mound separations K. Moreover, the critical elastic modulus Ec (for which spontaneous
ﬁlm decohesion takes place for E > Ec) is shown to increase fast with increasing mound separation K when K6 f, while
as a function of the system correlation length f it increases relatively fast when f6K.
 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction
The inﬂuence of surface roughness on the ad-
hesion between an elastic solid in contact with a
hard solid substrate is important from the tech-
nological and fundamental point of view in sys-
tems, which involve polymer/metal junctions. This
problem was studied initially by Fuller and Tabor
[1], and it was shown that a relatively small surface
roughness can remove the adhesion leading to ﬁlm
decohesion. In their model [1] it was considered a
Gaussian distribution of asperity heights with all
asperities having the same radius of curvature. The
contact force was obtained by applying the contact
theory by Johnson et al. [2] for each individual
asperity considering, however, surface roughness
over a single lateral length scale. The maximum
pull-oﬀ force was a function of a single parameter
which determines the statistically averaged com-
petition between compressive forces from higher
asperities that try to pull the surfaces apart, and
the adhesive forces from lower asperities that try
to hold the surfaces together [1].
Furthermore, random rough surfaces which are
commonly encountered in solid surfaces [3,4]
posses roughness over many diﬀerent length scales.
This case was considered by Persson and Tosatti
[5] for the case random self-aﬃne rough surfaces.
It was shown that when the local fractal dimension
D is larger than 2.5 the adhesive force may vanish
or at least be reduced signiﬁcantly. Since D ¼ 3
H with H the roughness exponent which charac-
terises the degree of surface irregularity (as H
becomes smaller the surface becomes more irreg-
ular at short length scales), the roughness eﬀect
becomes prominent for roughness exponents
H < 0:5 (D > 2:5).E-mail address: g.palasantzas@phys.rug.nl (G. Palasantzas).
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So far, the studies with self-aﬃne roughness
were limited to roughness exponents 0 < H < 1,
while the case H ¼ 1 requires more special atten-
tion since it corresponds to a special category of
roughness (besides that of the Gaussian roughness
as described by the correlation function  eðr=nÞ2H
with H ¼ 1), which is the mound roughness [6,7].
Indeed, during metal ﬁlm growth on solid sub-
strates, the growth front can be rough in the sense
that multilayer step structures are formed (corre-
sponding also to H ¼ 1) [6,7]. In this case the exis-
tence of an asymmetric step-edge diﬀusion barrier
inhibits the down-hill diﬀusion of incoming atoms
leading eﬀectively to the creation of multilayer step
structures in the form of mounds [6,7]. Examples
of mound roughness include the growth of Ag/
Ag(1 1 1) by Vrijmoeth et al. [6], the growth of Cu/
Cu(1 0 0) by Zuo and Wendelken [6], the growth of
Fe/Fe(0 0 1) by Stroscio et al. [6] etc. In general,
if during roughness formation the corresponding
dynamic process leads to a particular wavelength
selection, the corresponding morphology can be
that of mound roughness.
Therefore, in this work we will address the ques-
tion of how mound surface roughness inﬂuence
adhesion properties under conditions of complete
and frictionless contact between an elastic ﬁlm and
a solid substrate. It will be shown that the presence
of weak roughness can lead to signiﬁcant reduction
of ﬁlm adhesion and/or ﬁlm decohesion.
2. Film cohesion theory
We assume that the substrate surface roughness
is described by the single valued random rough-
ness function hðrÞ with r the in-plane position
vector r ¼ ðx; yÞ such that hhðrÞi ¼ 0. The adhesive







Upon ensemble average over possible roughness
conﬁguration (assuming Gaussian roughness ﬂuc-


















the average local surface
slope, CðqÞ the Fourier transform of the height
correlation function CðrÞ ¼ hhðrÞhð0Þi, Aflat the av-
erage macroscopic ﬂat contact area, and Dc the
change of the local surface free energy upon con-
tact. Further, the elastic energy stored in the elastic
ﬁlm (of elastic modulus E and Poisson ratio v) is
given by [5]Uel ¼ ð1=2Þ
R
d2rhhðrÞrzðrÞi (assuming
the normal displacement ﬁeld to be hðrÞ). Since
hðqÞ ¼ ½2ð1 v2Þ=EqrzðqÞ with hðqÞ ¼ ð2pÞ2R
hðrÞeiqr d2r, we obtain [5]




The change in the total free energy of the elastic
ﬁlm in contact with the rough substrate is given by



















with Qc ¼ p=ao and ao of the order of atomic di-
mensions. Eq. (3) allows the calculation of the
decohesion force by assuming a slab of thickness d
that undergoes a displacement ~u upon the action of
a force Feff . The decohesion force is obtained by
equating the elastic energy Aflatdð1=2ÞEð~u=dÞ2 to
AflatDceff and taking into account the relation
Feff ¼ AflatEð~u=dÞ which yields [5,8]
Feff ¼ FflatðDceff=DcÞ1=2 ð4Þ
with Fflat ¼ Aflatð2DcE=dÞ1=2. Eq. (4) is valid for
constant strain ﬁeld in the elastic ﬁlm, which is the
case for the planar geometry under consideration
[5].
3. Mound roughness model
Mound rough surfaces have been described by
the interface roughness amplitude w, the system
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correlation length f that determines how randomly
the mounds are distributed on the surface, and the
average mound separation K [7]. In Fourier space







with IoðxÞ the modiﬁed Bessel function of ﬁrst kind
and zero order. If f  K the roughness reproduces
behaviour close to that of Gaussian roughness
which corresponds to roughness exponent H ¼ 1.
For f P K, the correlation function CðrÞ for mound
roughness has an oscillatory behaviour leading to
a characteristic satellite ring at q ¼ 2p=K for CðqÞ
[7].
4. Results and discussion
The calculations in the following were per-
formed for Dc ¼ 4:8 102 J/m2 [5], rms roughness
amplitude w ¼ 1 nm, ao ¼ 0:3 nm, and Poisson
ratio v ¼ 0:35. For E ¼ 0 (absence of interfacial
elastic energy stored in the system) the main
roughness contribution for Dceff comes from the
adhesion energy (Fig. 1) and thus from the local
surface slope q. This is the case of polymer adhe-
sives deposited in liquidlike form on solid surfaces
followed by drying. However, shrinkage stress
may develop which can diminish the adhesion.
With increasing elastic modulus E, the eﬀective
energy Dceff decreases even to values lower than
that of ﬂat surfaces ðDceff < DcÞ. However, as the
average mound separation K increases (leading to
surface smoothening) Dceff approaches values close
to Dc eﬀectively for K > f and E in the MPa range.
The contribution of the adhesive term on the ef-
fective surface energy Dceff can be further simpli-
ﬁed if we calculate the local slope q ¼ ½R
0<q<Qc

q2CðqÞd2q1=2 by extending the upper limit of the
integration to inﬁnity since in general Qcf  1. In
this case we obtain the simple analytic result q ﬃ
2wðf2 þ p2K2Þ1=2 [7]. Assuming weak roughness
or q < 1 ðw < f; KÞ, expansion of Eq. (1) yields
the analytic result
Uad ﬃ DceffðE¼0ÞAflat;






















with RðnÞ ¼ f1  3  5    ð2n 3Þgð1Þn12n.
As Fig. 2a indicates the eﬀect of the system
correlation length f is rather weak on the value of
Dceff , while that of the average mound separation
K (Fig. 2b) is clearly more signiﬁcant leading to
larger values of E after which spontaneous ﬁlm
decohesion takes place (Dceff < 0). Indeed, for rel-
atively small average mound separation K in the
nanometer range (and K < f), ﬁlm decohesion
takes place for relatively small elastic modulus E
(<0.1 MPa). The critical elastic modulus Ec for
which Dceff ¼ 0 is given by















For elastic modulus E > Ec we have Dceff < 0 lead-








1.2 ζ = 20 (nm)
E = 100 (MPa)
E =10 (MPa)
E = 103 (MPa)
E = 0 (Pa)
Fig. 1. Eﬀective surface energy Dceff versus the average mound
separation K for various elastic modulus E.
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of any force) of the elastic ﬁlm, while for E < Ec a
ﬁnite force will be necessary to decohere the
elastic ﬁlm. Fig. 3a shows that Ec grows fast with
average mound separation K when K6 4f. For
K  f, the critical elastic modulus Ec evolves ra-
ther slowly with further increment of the mound
separation K. The inverse behaviour is observed in
Fig. 3b if one considers Ec as a function of the
system correlation length f where Ec increases as
long as f6K.
Furthermore we will calculate the eﬀective de-
cohesion force (Fig. 4). Indeed, Fig. 4a indicates
that the eﬀective force to pull-oﬀ the ﬁlm for low
elastic modulus E (MPa) decreases with subse-
quent surface smoothing (increasing lateral length
scale K and/or f) and approaches values close to
that for ﬂat surfaces. With increasing elastic mod-
ulus the force to decohere the ﬁlm becomes lower
for rougher interfaces, which corresponds to de-
creasing average mound separation K (Fig. 4a).
Indeed, for K < f the eﬀective decohesive force
decreases signiﬁcantly in agreement also with Fig.
4b where we plot the eﬀective decohesion force as a
function of the elastic modulus E for various val-
ues of the mound separation K.
The eﬀect of the elastic contribution becomes
less signiﬁcant for K > f (Figs. 1 and 4a) which
corresponds closely to Gaussian roughness. In this
case we obtain for the elastic and adhesive energy
(upon extension of integration to inﬁnity and as-
suming K > f > w)
(a)  
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Fig. 2. (a) Eﬀective surface energy Dceff versus elastic modulus
E for various system correlation lengths f. (b) Eﬀective surface
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Fig. 3. (a) Critical elastic modulus Ec versus the mound sepa-
rations K for various f. (b) Critical elastic modulus Ec versus the
system correlation length f for various K.























To leading order in w=f Eq. (8) yields for Dceff and
Ec














with d ¼ ﬃﬃﬃpp E=½4Dcð1 v2Þ.
Finally, we should point out that our calcula-
tions are strictly limited to the case of elastic ﬁlms.
On the other hand for real polymers [9] viscoelastic
eﬀects are present, which alter the value of Dc
which is considered in the adiabatic limit. In this
case modiﬁcations are required since surface rough-
ness introduces ﬂuctuating forces with a wide dis-
tribution of frequencies [10]. These are eﬀects,
which have to be taken into account in order to
properly address the adhesive behaviour of visco-
elastic ﬁlms.
5. Conclusions
In summary, we explored aspects of the adhesive
behaviour of elastic ﬁlms in complete frictional
contact on solid substrates, which are bounded by
mound surface roughness. The latter was described
by the rms roughness amplitude w, the average
mound separation K, and the system correlation
length f. It is shown that both lateral roughness
parameters K and f could strongly inﬂuence ad-
hesive characteristics. Indeed, with increasing elas-
tic ﬁlm modulus E, ﬁlm adhesion is only possible
for is only possible for suﬃciently large mound
separations K. Moreover, the critical elastic mod-
ulus Ec (for which spontaneous ﬁlm decohesion
occurs for E > Ec) is shown to increase fast with
increasing mound separation K when K6 f, while
as a function of system correlation length f it in-
creases relatively fast when f6K.
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